The effect of galactic orbits on a galaxy's internal evolution within a galaxy cluster environment has been the focus of heated debate in recent years. To understand this connection, we use both the (0.5 Gpc) 3 and the Gpc 3 boxes from the cosmological hydrodynamical simulation set Magneticum Pathfinder. We investigate the velocityanisotropy, phase space, and the orbital evolution of up to ∼ 5 · 10 5 resolved satellite galaxies within our sample of 6776 clusters with M vir > 10 14 M ⊙ at low redshift, which we also trace back in time. In agreement with observations we find that star-forming satellite galaxies inside galaxy clusters are characterised by more radially dominated orbits, independent of cluster mass. Furthermore, the vast majority of star-forming satellite galaxies stop to form stars during their first passage. We find a strong dichotomy both in line-of-sight and radial phase space between star-forming and quiescent galaxies, in line with observations. The tracking of individual orbits shows that almost all satellite galaxies' star-formation drops to zero within 1 Gyr after infall. Satellite galaxies that are able to remain star-forming longer are characterised by tangential orbits and high stellar mass. We also find a class of quiescent galaxies with indication of recent star-bursts which reproduce the behaviour of observed post-star-burst galaxies regarding their position in phase space as well as their relative abundance. These simulations suggest that in galaxy clusters the dominant quenching mechanism is ram-pressure stripping.
INTRODUCTION
Already in 1901 Wolf (1901) noticed that the galaxy population in clusters is different from the population in the field. Later it was shown that a morphology-density relation for galaxies exists (Dressler 1980; Goto et al. 2003) . While late-type or irregular galaxies are most abundant in the low density 'field', early-type galaxies are found in increasingly dense environments, i.e. groups and clusters. The strong implication is that a morphological transition from late-to early-type galaxies is driven by the increasing environmental density.
⋆ E-mail: mlotz@usm.lmu. de Cosmological simulations find that, independent of the original formation environment, galaxies continuously move towards higher density regions (Springel et al. 2005) . Considering these findings a picture of galaxy evolution emerges: galaxies tend towards higher density regions and thereby undergo internal and morphological evolution. This makes cluster environments an integral part of galaxy evolution, as the study provides insights into a fundamental and often terminal chapter of their existence (Dressler 1984) .
Galaxy clusters are the largest gravitationally bound structures in the observable universe consisting of hundreds of galaxies and as such offer a unique opportunity to study galaxy evolution (Kravtsov & Borgani 2012) . They greatly impact the star-formation properties of galaxies in their vicinity (Boselli & Gavazzi 2014 ). Due to en-vironmental quenching galaxies in clusters are, hence, far more likely to have reduced star-formation in comparison to field galaxies (Oemler 1974; Butcher & Oemler 1978; Dressler 1980; Balogh et al. 1997) . One of the aims of current galaxy cluster research is to understand, quantify, and determine the regions in which quenching mechanisms act. Observations have established that galaxy cluster environments extend out to 2 − 3 R vir , much further than previously assumed (Balogh et al. 2000; Solanes et al. 2002; Verdugo et al. 2008; Braglia et al. 2009; Hansen et al. 2009; von der Linden et al. 2010; Wetzel et al. 2012 ).
Computational research suggests that star-formation quenching begins 2 − 3 Gyr prior to entry of the inner cluster region (Zinger et al. 2018 ). This implies that galaxies are already partially quenched through halo gas removal in the outskirts (2 − 3 R vir ) of the cluster while crossing the shock heated (10 7 − 10 8 K), X-ray emitting accretion shock region (Sarazin 1988) . Several quenching mechanisms are under debate: relevant for the outskirts of clusters are strangulation, i.e. stopping the replenishment of a galaxy's cold gas due to no longer being able to accrete gas within the cluster environment and pre-processing, i.e. the removal of hot halo gas in a group or merger environment prior to cluster in-fall (Bahé et al. 2012) . Once the in-falling galaxies enter the inner region (0.5 R vir ), the removal of star-forming disc gas through ram-pressure stripping becomes efficient (Zinger et al. 2016 ).
Essentially, this means that the hot gas halo is removed prior to the cold gas within the galaxy (Larson et al. 1980; McCarthy et al. 2008; Bekki 2009; Bahé et al. 2013 ). This suggests that the primary quenching mechanism at radii r 0.5 − 1.0 R vir is strangulation or pre-processing. Further, this implies that outside the inner cluster region the cold gas is not necessarily expelled or significantly heated, but rather the supply in the halo is affected and thus star-formation dwindles due to a lack of fresh halo gas (Kawata & Mulchaey 2008) . This model of galaxy quenching in and around clusters would imply a gradual decrease in star-formation in the cluster outskirts, followed by a rapid shutdown in the inner regions.
Low ram-pressure can also compress gas into highdensity clouds (Tonnesen & Bryan 2009 ). The initial compression and subsequent expulsion of cold gas in galaxies is best exemplified by jellyfish galaxies. Jellyfish galaxies are likely formed during their first in-fall on highly radial orbits via outside-in ram-pressure stripping and are characterised by their optically-bright extended tails of expelled material (Jaffé et al. 2018 ).
Provided jellyfish galaxies experience a rapid decrease in star-formation they are classified as post-star-burst galaxies (PSBs). PSBs are characterised by a recent star-burst and subsequent short time-scale quenching of star-formation (Wild et al. 2009 ). However, the formation mechanism of PSBs remains a matter of debate with recent findings suggesting different quenching routes at different epochs, implying different evolutionary processes ): The z > 1 PSB population appears to be the result of a violent event, resulting in a compact centralised object, whereas the z < 1 population is able to preserve its typically discdominated structure, suggesting an environmental mechanism (Caldwell et al. 1999; Tran et al. 2003; Poggianti et al. 2009; Vergani et al. 2010; Pawlik et al. 2016; Almaini et al. 2017; Maltby et al. 2018) .
To summarise, the main goal of this paper is to study different mechanisms which quench satellite galaxies in clusters. In Section 2, we present the Magneticum Pathfinder simulations and the relevant comparison observations and surveys. In Section 3, we analyse the velocity-anisotropy profiles of satellite galaxies in comparison to observations and dependent on mass and redshift. In Section 4, we study the line-of-sight (LOS) space diagrams and compare to observations. Thereafter, we study the radial phase space diagrams and their dependence on mass and redshift. In Section 5, we track the orbits of satellite galaxies through the simulation and look at the responsible quenching mechanisms. In Section 6, we discuss PSBs and look at both their LOS phase space behaviour and their stellar mass function. Finally, in Section 7, we discuss our findings and the relevance of rampressure stripping. In Section 8, we present our conclusions.
DATA SAMPLE

Magneticum Pathfinder simulations
Magneticum Pathfinder is a set of large scale smoothedparticle hydrodynamic (SPH) simulations that employ a mesh-free Lagrangian method aimed at following structure formation on cosmological scales. The boxes utilised during the scope of this paper are Box2/hr (352 Mpc 3 /h) and Box2b/hr (640 Mpc 3 /h). Box2/hr has a higher temporal resolution, i.e. a greater number of individual SUBFIND halo finder outputs (Springel et al. 2001; ). Hence, it allows for the temporal tracking of subhalos rather than solely considering individual static redshifts. In contrast, Box2b/hr is larger and thus allows for a more extended statistical sample, especially with regard to high mass clusters.
Box2/hr is comprised of 2 · 1584 3 particles, while Box2b/hr is comprised of 2 · 2880 3 particles. Both boxes resolution level is set to 'high resolution' (hr ): dark matter (dm) and gas particles have masses of m dm = 6.9 · 10 8 h −1 M ⊙ and m gas = 1.4 · 10 8 h −1 M ⊙ , respectively. Stellar particles are formed from gas particles and have ∼ 1/4 of the mass of their parent gas particle. At this resolution level the softening of the dark matter, gas and stars is ǫ dm = 3.75 h −1 kpc, ǫ gas = 3.75 h −1 kpc and ǫ stars = 2 h −1 kpc, respectively. These two boxes have already been used in the past to study various galaxy cluster properties: the ICL-BCG connection in comparison to observations (Remus et al. 2017a) , the effect of baryons on large scale structure (Bocquet et al. 2016; Castro et al. 2018) , the intra-cluster-medium (ICM) and inter-galactic medium (IGM) Biffi et al. 2018) and active galactic nuclei (AGN) (Hirschmann et al. 2014; Steinborn et al. 2018) .
The astrophysical processes modelled within the Magneticum simulation include, but are not limited to: cooling, star-formation and winds (Springel & Hernquist 2003) , metals, stellar populations and chemical enrichment from AGB stars (Tornatore et al. 2003 Dolag et al. 2017) , black holes and AGN feedback (Hirschmann et al. 2014) , thermal conduction (Dolag et al. 2004 ), low viscosity scheme to track turbulence (Dolag et al. 2005; Beck et al. 2016 ), higher order SPH kernels (Dehnen & Aly 2012) and magnetic fields (passive) (Dolag & Stasyszyn 2009) . For a more in-depth appreciation of the precise physical processes refer to and Teklu et al. (2015) .
To compare with observations, galaxy clusters were selected according to their M 200,crit cluster mass, i.e. the mass inside a sphere which is defined by a radius (r 200,crit ) that extends until it encompasses an over-density 200 times larger than that of the critical density. Specifically, M 200,crit ≡ 200H z 2 r 200,crit 3 /(2G), where H z is the redshift dependent Hubble constant and G indicates the gravitational constant. For both boxes and all redshifts satellite galaxies are selected to have a minimum stellar mass of M * = 3.5 · 10 9 h −1 M ⊙ , corresponding to a minimum of ∼ 100 stellar particles for a given galaxy. We choose this threshold since it implies that the galaxy has had enough gas to successfully produce a minimum stellar component.
In order to differentiate between star-forming and quiescent satellite galaxies, the criterion introduced by Franx et al. (2008) is used throughout this paper at all redshifts: The measure for star-formation is given by SSFR · t H , i.e. the specific star-formation rate SSFR multiplied by the Hubble time t H . Galaxies with a value above SSFR · t H > 0.3 are classified as star-forming, while galaxies with SSFR · t H < 0.3 are classified as quiescent.
Importantly, this 'blueness criterion' (SSFR · t H > 0.3) is time dependent rather than merely being applicable to low redshifts. Hence, this definition encompasses the changing star-formation history on a cosmological scale and is well suited for a temporal comparison. With this criterion, the Milky Way would have SSFR · t H ∼ 0.4 at z = 0 and, hence, be considered star-forming (Licquia & Newman 2015) .
Throughout this paper the following cosmology is adopted: h = 0.704, Ω M = 0.272, Ω Λ = 0.728 and Ω b = 0.0451. When comparing with observations, the simulations were rescaled to the h value of the observations in question.
Observational comparisons
CLASH
The CLASH survey observes 25 massive galaxy clusters with the Hubble Space Telescope's panchromatic imaging equipment (Wide-field Camera 3, WFC3, and the Advanced Camera for Surveys, ACS) (Postman et al. 2012; Mercurio et al. 2014) . One of four primary science goals of CLASH is the study of internal structure and galaxy evolution within and behind the clusters. Thus, it provides an interesting data set to compare with the Magneticum simulation. The CLASH cluster under consideration (MACS J1206.2-0847) is located at a redshift of z = 0.44. The cluster hosts 590 identified members obtained at the ESO VLT (Rosati et al. 2014 ) and has a mass of M 200 = (1.4 ± 0.2) · 10 15 M ⊙ with a concentration of c 200 = 6 ± 1 . The data was obtained by the VLT/VIMOS large program, which aims at constraining the cluster mass profile over the radial range of 0-2.5 virial radii.
Studies regarding the velocity-anisotropy include Biviano & Poggianti (2009); Munari et al. (2014) ; Annunziatella et al. (2016) ; Biviano et al. (2016) . However, they did not investigate the difference between star-forming and quiescent galaxies at the level of detail as demonstrated by Biviano et al. (2013) , especially regarding the confidence regions of the populations. The cluster MACS J1206.2-0847 is to date the only CLASH cluster for which the velocityanisotropy was calculated for both passive and star-forming galaxies. The velocity-anisotropy profiles calculated in Biviano et al. (2016) from the GCLASS survey at z ∼ 1 have such large confidence regions that a wide range of profiles are encompassed by said regions. Wetzel et al. (2012) uses galaxy group/cluster catalogues created from the Sloan Digital Sky Survey Data Release 7 (SDSS DR7) with an overall median redshift of z = 0.045. They examine the SSFR distribution of galaxies and their dependence on stellar mass, host halo mass and halo-centric radius. Wetzel et al. (2012) consider ∼ 19000, 2200, 160 groups with M 200,mean > 10 12 , 10 13 , 10 14 M ⊙ , respectively, up to the most massive group at 10 15 M ⊙ hosting 269 satellites. The employed catalogue allows the examination of satellites with good statistics in the mass range M * = 5·10 9 −2·10 11 M ⊙ . For further details regarding to the galaxy sample refer to Tinker et al. (2011); Wetzel et al. (2012) . Muzzin et al. (2014) considers data based on the Gemini Cluster Astrophysics Spectroscopic Survey (GCLASS). Specifically, 424 spectroscopic galaxy redshifts hosted in 9 clusters in the mass range of 1·10 14 < M 200,crit /M ⊙ < 20·10 14 were studied. Muzzin et al. (2014) investigates the LOS phase space of these 424 cluster galaxies at z ∼ 1 by evaluating three populations: star-forming galaxies characterised by their [OII] emission, quiescent galaxies characterised by the absence of said emission, and post-star-burst (PSB) galaxies which are defined as a subset of quiescent galaxies that also have D n (4000) < 1.45, a proxy for stellar age population (Zahid & Geller 2017) . For more detail refer to Muzzin et al. (2014) . Socolovsky et al. (2018) studies environment dependent galaxy evolution in the redshift range 0.5 < z < 1.0 using the Ultra-Deep-Survey (UDS). They identify 37 clusters, 11 of which contain more than 45 members. Clusters are selected in a member range of 20 ≤ N ≤ 135, and a field subtracted stellar mass within 1 Mpc of 10 11.29 ≤ M * /M ⊙ ≤ 10 12.45 . Subsequently, a cylinder around the centre of mass of each cluster is constructed with radius R cyl = 1 Mpc and height H cyl ∼ 250 Mpc (Socolovsky et al. 2018) . This results in a sample of 2210 galaxies within the cluster cylinders, which provide the basis for the stellar mass functions calculation (Socolovsky et al. 2018) .
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VELOCITY-ANISOTROPY PROFILES
One of the fundamental quantities used to understand the quenching of galaxies is the velocity-anisotropy, β. The goal of parametrising and comparing objects through the use of the velocity-anisotropy is to gain an understanding of the relative importance of different degrees of freedom, i.e. comparing the preference for tangentially versus radially dominated orbits. Thus, the velocity-anisotropy gains its physical significance by comparing and contrasting different subsets of a given population and investigating their varying preferences.
In order to contrast the tangential and radial orbital component, the respective velocity dispersions are considered. The dispersion is used as a measure of the degree of energy within a given component. The premise being that if a population is dominated by tangential or radial movement the dispersion in the respective degree of freedom will be larger.
As such, quantifying the energy within an individual degree of freedom through the velocity dispersion σ is a natural choice, as it relates to the specific kinetic energy T through:
In accordance with the explanation above, the formal definition of the velocity-anisotropy is (Binney & Tremaine 1987) :
with σ
where σ r , σ t , σ θ and σ φ parametrise the velocity dispersions in the radial, tangential, θ and φ direction respectively. The velocity-anisotropy is considered as a function of radius r, yielding information about the orbital configuration of galaxies at different cluster-centric distances. The degree of (an)isotropy is studied providing information on whether the galaxies are moving on radial (β > 0), tangential (β < 0) or isotropic (β = 0) orbits. Subsequently, the orbital behaviour is connected to the internal evolution of different galaxy types, rendering a broader picture of the environmental effects on galaxy evolution. The velocity-anisotropy parameter β is binned into equal distance radial differential bins. The velocityanisotropy parameter is calculated for the total galaxy population inside each bin. In addition, it is also calculated separately for both the star-forming and the quiescent population. The error associated with the calculation of β is derived via bootstrapping and error bars correspond to the 1σ confidence interval.
Through the detailed examination of the kinematics, the understanding of the underlying dynamics is rendered possible. Fundamentally, the velocity-anisotropy profiles provide insights into the dynamical history of both clusters and their member galaxies. Hence, the comparison between observations and simulations offers an opportunity to test and extend our current understanding of galaxy cluster assembly and galaxy quenching.
CLASH comparison
The velocity-anisotropy, when obtained via observations, is calculated through the inversion of the Jeans equation. This is motivated by the fact that velocities and, thus, dispersions can only be observed along the line-of-sight (LOS). For the β(r) and LOS comparison between Magneticum and the CLASH cluster MACS J1206.2-0847, simulated clusters are selected above a mass threshold of M 200,crit > 5 · 10 14 M ⊙ . In order to provide a large statistical sample, both Box2/hr and Box2b/hr were taken into account. We use only clusters at a redshift of z = 0.44, resulting in 15 clusters for Box2/hr and 71 for Box2b/hr. The velocity-anisotropy comparison is done by considering a sphere around Magneticum clusters, whereas the LOS phase space comparison in Section 4 considers a cylinder of height 89.4Mpc, corresponding to the velocity range of cluster members . To increase the statistical sample of the LOS phase space analysis, we considered the projection along three independent spatial axes. Figure 1 shows the radial β-profiles for the stacked Magneticum clusters and the CLASH cluster MACS J1206.2-0847. The top panel depicts the total population both from Magneticum (solid line) and Biviano et al. (2013) (dashed line). The bottom panel displays the quiescent (red) and star-forming (blue) populations for Magneticum (solid lines) and the CLASH cluster (dashed lines), with the shaded region representing the 1σ confidence zone of the observations. The vast majority of points lie within each other's 1σ error regions and bars, respectively. In addition, the global behaviour of the observations is reproduced by the Magneticum profiles for both the star-forming and quiescent populations. Considering that the observations are based on a single cluster with 590 members, while Magneticum utilises 86 clusters to derive its statistics at z = 0.44, the results are in good agreement.
As can be clearly seen in Figure 1 from both simulations and observations, the anisotropy increases with increasing radius. This indicates that the outskirts are more in-fall dominated than the inner regions of the clusters. In addition, cluster mass growth leads to the circularisation of satellite orbits (Iannuzzi & Dolag 2012) . The longer a satellite galaxy has been a member of the cluster, the longer it has likely experienced cluster mass growth and the subsequent circularisation of its orbit. As a result lower radii are associated with a higher probability of long-term cluster membership, i.e. anisotropy values closer to isotropy (β ≈ 0).
Intuitively one might assume that the accretion of radially in-falling galaxies leads to more radially dominated orbits of the total population with time, rather than the identified tendency towards isotropy. However, the in-falling population makes up less and less of the total population as time proceeds. Furthermore, the cluster continuously grows in mass which drives the circularisation. Radially dominated galaxies only partially contribute to this mass growth. In addition, the most radially dominated in-falling galaxies are likely to experience strong tidal stripping by the BCG, thus falling below our resolution limit and consequently no longer contributing to the β(r) profiles (Annunziatella et al. 2016) .
Figure 1 also clearly shows a difference between the starforming and quiescent population. The star-forming population is more radially dominated than its quiescent counterpart. This suggests that the star-forming population is more in-fall dominated. Subsequently, it is likely that the star-forming galaxies belong to a younger population of a given cluster, since they are more removed from isotropy (β = 0). Figure 1 also shows that the total population (black solid line) is dominated by the quiescent population (red solid line). This is accentuated by the fact that the black and red lines are exceedingly similar. Only a small sample of galaxies are star-forming, with the bulk of clusters being made up of quiescent galaxies, with regard to our starformation criterion. To a somewhat lesser extent, this is also the case for the observations.
The main source of error of the observational calculations are the uncertainties associated with the line-of-sight dispersion. The observational confidence zones depicted in Figure 1 are calculated through modifications of the beta profile. These modifications are then inverted to yield a wide grid of predicted line-of-sight velocity dispersion profiles (van der Marel 1994) . This reversed method is employed because error propagation through the Jeans inversion is infeasible .
Although the observational method to evaluate β(r) is sophisticated, issues remain. For one, the entire calculation of the velocity-anisotropy profiles hinges on the fiducial mass profile. The NFW profile, which was assumed and fitted, can be the source of large errors. Depending on the true nature of the mass profile, the NFW fit by Umetsu et al. (2012) does not necessarily fit well along the entire profile. This is especially significant at high and small radii, where the deviations from the NFW profile are likely to be largest. The error on quantities like the concentration c 200 = 6 ± 1 of the observed cluster are large and, hence, the fitted NFW profile could easily not accurately describe the actual mass profile .
Additionally, interlopers have a potentially major impact on the calculated anisotropy profile. Given solely the line-of-sight velocity, it is virtually impossible to conclusively attribute a galaxy to an individual radial bin of a cluster. Subsequently, the calculation of the observed anisotropy profile will always be subject to inaccuracies. For example, the galaxies in the CLASH cluster (MACS J1206.2-0847) compared to in Figure 1 are not spatially distributed isotropically (Umetsu et al. 2012 ). This impedes the identification of interlopers further, making their effect less predictable. In contrast, the Magneticum profiles depicted in Figure 1 are the result of the construction of an exact sphere, which evaluates each radial shell.
In addition, ambiguity in the definition of the starformation criterion gives rise to different categorisations of galaxies. The observers utilise colour-colour diagrams to identify star-forming and quiescent galaxies (Mercurio et al. 2014) . In contrast, the criterion applied in the data reduction of the simulation considers the specific star-formation rate in dependence of redshift. This, however, does not account for recently formed stars, which impact the classification on the colour-colour diagram. As such, our star-formation criterion might underestimate the amount of star-forming galaxies compared to observations. While observations of the CLASH cluster and the results from the Magneticum simulations are in very good agreement, there exist both simulations and observations that report opposite trends for quiescent and star-forming satellite populations: Iannuzzi & Dolag (2012) find with the Millennium Simulation that the quiescent population is characterised by more radially dominated orbits relative to the star-forming population. Similarly, Aguerri et al. (2017) find the same opposing behaviour as the Millennium Simulation. When searching for clusters with radially dominated orbits for quiescent satellites within the Magneticum simulation, we find a small number of clusters. Specifically, only 28 of the 495 most massive clusters (h −1 M 200,crit > 10 14 M ⊙ ), i.e. 5.7% in Box2/hr, were identified as having a more radially dominated quiescent population than was the case for the star-forming population. However, the vast majority of these clusters have extremely low (star-forming) galaxy numbers. We conclude that clusters matching the behaviour reported by Iannuzzi & Dolag (2012) and observed by Aguerri et al. (2017) are rare in the Magneticum simulation, albeit they do exist.
Quenching fractions
To investigate the difference between star-forming and quiescent satellite galaxies further, we explore the impact of stellar mass and host halo mass on the fraction of quenched satellite galaxies. The quenched fraction is defined as the number of quenched satellite galaxies over the total number of satellite galaxies. Figure 2 shows the quenched fraction of satellite galaxies split into four different stellar mass intervals in the range of log(M * /M ⊙ ) = [9.7, 11.3] in dependence of their host halo mass at z = 0.066. It compares the Box2/hr results (solid lines) to observations by Wetzel et al. (2012) (dashed lines) at z = 0.045. By considering the stellar mass evolution at fixed halo mass and and the halo mass evolution at fixed stellar mass Figure 2 offers insights into environmental quenching dependencies.
Figure 2 offers a number of interesting insights. Firstly, the Magneticum simulation matches the observed increase in the fraction of quenched satellite galaxies with host halo mass, accurately describing the environmental impact on quenching. Secondly, it also reproduces an increase in quenched fraction with increasing stellar mass, accurately describing the impact of galactic feedback mechanisms on star-formation. Thirdly, a difference in the fraction of quenched satellite galaxies in the stellar mass range of log(M * /M ⊙ ) = [10.5, 10.9] exists between Magneticum and the observations by Wetzel et al. (2012) . Although there exists the discrepancy in the intermediate to high stellar mass range, overall the behaviour is in agreement.
The gap between the two stellar mass ranges log(M * /M ⊙ ) = [10.1, 10.5] (green) and log(M * /M ⊙ ) = [10.5, 10.9] (orange) suggests that the quenching of satellite galaxies in the Magneticum simulations is characterised by a strong stellar mass bimodality. Further it suggests that if the stellar mass is below log(M * /M ⊙ ) ∼ 10.5 satellite galaxies have a far lower probability of being quenched, while the opposite is true above this stellar mass threshold. The bimodality is strongest at lower host halo masses, implying that the quenching is not a result of the environment, but rather a self-regulatory behaviour, i.e. AGN feedback kicking in at a specific stellar mass as dictated by the implemented feedback model.
In contrast to the Magneticum results, the observations find a flattening in the stellar mass range of log(M * /M ⊙ ) = [9.7, 10.5] at high host halo masses. The flattening of the observations is likely driven by the incompleteness of the SDSS in the high halo mass regime. As the SDSS median redshift is z = 0.045, high host halo mass objects are rare (Wetzel et al. 2012) . Consequently, the Magneticum results provide a far more complete sample, especially in the high host halo mass regime compared to the observations. Figure 2 also displays the increasing impact of environmental quenching on lower stellar mass satellite galaxies. Below log(M * /M ⊙ ) ∼ 10.5 the quenched fraction of Magneticum results increases strongly with host halo mass, implying a strong environmental dependence. In the higher stellar mass range, log(M * /M ⊙ ) 10.5, only a small host halo mass dependence is found. This is likely due to high stellar mass halos being quenched by feedback processes triggered by the strong mass growth, while low stellar mass satellites are more vulnerable to environmental quenching, lacking strong galactic feedback mechanisms inhibiting star-formation. A similar stellar mass dependence is found in the observations by Wetzel et al. (2012) , however, the critical stellar mass threshold is log(M * /M ⊙ ) ∼ 10.9.
As described in Section 3.1, we expect Magneticum to overestimate the amount of quenched satellite galaxies due to the blueness criterion evaluating the SSFR rather than the colour of satellite galaxies. In contrast, we expect Wetzel et al. (2012) to underestimate the amount of quenched satellites as multiple LOS objects can be mistaken for one object. This means that smaller objects with likely lower quenched fractions are aggregated together and con- sidered as one object, effectively lowering the quenched fraction at a given host halo mass.
Mass and temporal evolution
While we, so far, have focussed on a comparison to observations, we now use the full predictive power of our simulations to study the velocity-anisotropy for clusters of different mass ranges through redshift. In Figure 3 we evaluate the combined results from both Box2/hr and Box2b/hr. At the lowest redshift considered, z = 0.25, we calculate the velocityanisotropy profiles of ∼ 5 · 10 5 resolved satellite galaxies within our sample of 6776 clusters with M vir > 10 14 M ⊙ . Figure 3 shows two major similarities independent of mass and redshift. Firstly, the general behaviour of the profiles, albeit displaying differences, is fairly similar in all panels. Specifically, this entails that the star-forming population consistently lies on more radial orbits than its quiescent counterpart. Secondly, all profiles agree in their broad shape and trend towards isotropy (β = 0) at lower radii.
The outskirts are consistently radially dominated since at large radii the likelihood of galaxies being accreted, rather than already belonging to the cluster, is significantly higher. In addition, this appears to remain to hold true for the starforming population at lower radii too, i.e. the star-forming population is more in-fall dominated than the quiescent population. The trend towards isotropy with decreasing radius is presumably the result of cluster growth. The accretion and, hence, increase of the virial radius of a given cluster leads to the circularisation of the already bound orbits (Iannuzzi & Dolag 2012) .
Despite close similarities between panels in Figure 3 , mass and redshift dependent trends can also be seen. Profiles clearly tend towards being more radially dominated with increasing cluster mass. This is likely due to more massive cluster being embedded in more matter rich environments. This results in more accretion dominated clusters in the high mass end, compared to lower masses, which are less growth driven. Hence, high mass clusters will display more in-fall, i.e. radially dominated orbits, than low mass clusters. Figure 3 shows that the difference between the starforming (blue) and quiescent (red) profiles becomes more pronounced with cluster mass. In the highest cluster mass bin (M vir = 9 − 90 · 10 14 M ⊙ ) the star-forming profile undergoes strong circularisation at R/R vir < 0.5. This is likely a result of the radially dominated star-forming galaxies being quenched more efficiently through ram-pressure stripping than the subset of more tangentially dominated star-forming galaxies. Hence, we see a selection mechanism, which preferentially quenches radially dominated orbits. This results in only the most circular star-forming galaxies existing at low radii, since the more radially dominated subset no longer exists, i.e. was quenched. Although this is most strongly exhibited in high mass clusters, most star-forming profiles exhibit a stronger decrease at lower radii R/R vir < 0.5 − 1 than the quiescent population. However, the remaining innermost R/R vir < 0.5 star-forming population is significantly smaller than the population at R/R vir ∼ 1, calling for a higher number statistics investigation.
The only apparent redshift-dependent trend is that with decreasing redshift, less satellite galaxies are star-forming. This is visible from the fact that the red and black profiles are closer together at lower redshifts, i.e. the fraction of star-forming galaxies decreases. At high redshift (z ∼ 2), the majority of galaxies are star-forming. This is not the case at any other redshift surveyed in Figure 3 . This implies that at high redshift more star-forming galaxies are accreted onto clusters, only to be quenched and become part of the low-redshift quiescent population.
When comparing Figure 3 with observations, we find that it is in good agreement with available observations. Specifically, the qualitative behaviour of the results from Biviano et al. (2016) 1 are well reproduced when considering the z ∼ 1 column and the lower mass bins in Figure 3 . Our results are also in agreement with Wetzel (2011) , who finds that satellite orbits are more radial and plunge deeper into their host haloes at higher host halo masses.
PHASE SPACE
4.1 Line-of-sight phase space Figure 4 shows the line-of-sight (LOS) phase space diagrams for the quiescent (left) and star-forming (right) population at z = 0.44. The densities in each plot are scaled to the respective maximum density of the given population under 1 The 10 stacked observational clusters in Biviano et al. (2016) have a mass of M 200 = 4.5 ± 1.2 · 10 14 M ⊙ , which corresponds to a virial mass in the Magneticum simulation of M vir ∼ 3.8 ± 1.0 · 10 14 M ⊙ , considering that M vir masses in Magneticum are typically a factor ∼ 1.2 smaller at the considered redshift than the M 200 masses.
consideration. In both figures only satellite galaxies are included, i.e. brightest-cluster-galaxies (BCGs) are excluded. The enveloping dashed black lines in Figure 4 are introduced to provide a relationship between the velocity and the radius via |v LOS /v 200,crit | ∼ |(R/R 200,crit ) −1/2 |. The basis of this relation is the v ∝ r −1/2 relation, which is derived from the virial theorem. The outer enveloping dashed black lines are motivated by the strongest outlier of the data. We exclude galaxies with properties that are not represented in the observations, as they are likely interlopers, i.e. galaxies that only lie within the cluster due to the LOS projection. We choose the following relation for the filtration: |v LOS /v 200,crit | ∼ 2.2|(R/R 200,crit ) −1/2 |, i.e. all galaxies larger than said relation are excluded. The inner enveloping black line depicts the simple virial proportionality. Thus, it provides a theoretical description of the extent of the clusters.
The comparison between the two panels in Figure 4 demonstrates the complementary behaviour of the starforming and quiescent galaxy populations and their individual preference for distinct regions in phase space. This preference, reflected in the phase space number density, is in agreement with the observed CLASH cluster galaxies ). Typically, quiescent galaxies are located at radii R < 1 R 200,crit , while star-forming galaxies have a significantly increased likelihood of being found in the outskirts of the cluster (R > 1.5 R 200,crit ).
At first glance, the left panel of Figure 4 seems to display a slight dichotomy in the Magneticum quiescent population. On the one hand we regard the overwhelming majority of the quiescent population at radii R < 1 R 200,crit . On the other hand a second smaller population exists at R 2.3 R 200,crit . However, if we consider the radial histogram (red), we are presented with a constant quiescent number density throughout both the intermediate region (R ∼ (1.2 − 2.3) R 200,crit ) and the second smaller population (R 2.3 R 200,crit ). The apparent dichotomy and the constant radial histogram are likely the result of a mixture of two effects. Firstly, accretion in the outskirts, which is discussed more extensively in Section 4.2, appears to be the origin of the over-density close to |v LOS /v 200,crit | ∼ 0 and R 2.3 R 200,crit . Secondly, the radial histogram remains constant since the over-density in the outskirts is compensated by a smaller volume of phase space, as |v LOS /v 200,crit | ∼ |(R/R 200,crit ) −1/2 | decreases. We investigated whether the apparent over-density in the outskirts might be due to backsplash galaxies, however, we found no evidence to support this (also see Figure 5 ).
The radial histograms, especially with regard to the star-forming population, also show good agreement between the simulation and the CLASH observations (blue and green lines in Figure 4 ): Both show a decrease below R < 1 R 200,crit , hinting at a good description of the underlying quenching mechanism by the simulation. In the outskirts of the cluster (R > 2.2 R 200,crit ), the simulation no longer matches the observations. This is likely due to the CLASH cluster not accreting as many galaxies, both star-forming and quiescent, in the outskirts as is the case on average over a wide statistical sample. Possible other reasons for the different abundances of star-forming and quiescent galaxies at different radii, especially in the outskirts, include shocks. Shocks violently trigger star-formation only to form almost no stars after the initial star-burst. Galaxies, which have recently experienced star-bursts, thus look blue in colour observations, although technically they have a star-formation rate close to zero. As such, they are classified to be star-forming in Biviano et al. (2013) , but are considered quiescent in the simulation which classifies according to the specific starformation rate rather than the colour. This leads to an underestimation in Magneticum and an overestimation of the number of star-forming galaxies in observations.
Mass and temporal evolution
Figures 5 and 6 show the temporal and cluster mass evolution of the quiescent and star-forming galaxy population in radial phase space density as a function of the radial profile. At the lowest redshift considered, z = 0.25, we calculate the phase space density of ∼ 5 · 10 5 resolved satellite galaxies within our sample of 6776 clusters with M vir > 10 14 M ⊙ . The contour lines correspond to the 20%, 40% and 60% thresholds of the maximum density in each panel. Both figures only display satellite galaxies and not BCGs. Each panel in Figures 5 and 6 is normalised to the maximum value of its individual panel. Consequently, we compare relative densities rather than absolute phase space densities. This relative normalisation is performed to better highlight the effect of quenching, rather than visualising changes in absolute phase space densities. As a result Figures 5 and 6 disclose no information about the absolute numbers of galaxies.
Considering the quiescent and star-forming population in Figures 5 and 6 , the following details are apparent. Firstly, the star-forming population is overwhelmingly dominated by in-fall. Specifically, the vast majority of star-forming galaxies are quenched outside R > 0.5 R vir during their first passage, independent of redshift. Secondly, the long term cluster population is almost exclusively made up of quiescent galaxies. This is in agreement with previous hydrodynamic simulations and observations stating that the central cluster region is dominated by quiescent galaxies (Saro et al. 2006) . Thirdly, it appears that newly accreted satellite galaxies cannot be distinguished from the virialised population after infall as there are almost no satellites with positive radial velocity at radii R 1.5 R vir . This is likely the result of the changing cluster potential driven by mass accretion, which not only leads to orbital circularisation (Iannuzzi & Dolag 2012) , but also increases the scale radius. Figure 5 demonstrates that high mass clusters exhibit more extensive accretion than low mass clusters, as implied by the higher relative density in the outskirts (R > 2.0 R vir ). However, this is partially caused by the fact that high mass clusters have a larger virial radius. As such, a larger physical environment is taken into account due to the scaling R/R vir for high mass clusters than is the case for lower mass, i.e. lower R vir , clusters. Nevertheless, the increased accretion in high mass clusters further strengthens the idea that high mass clusters are located within a surrounding high density environment, i.e. at the cross-section of filaments. This is in agreement with previous simulations that show that the cluster environment, characterised by increased filamentary thickness, extends out to three to four times the virial radius . Along filaments, the radial density profiles decrease less strongly than within the galaxy cluster ). This physical extension of the cluster environment manifests itself, amongst other things, through the decrease in the percentage of starforming compared to quiescent galaxies with increasing cluster mass. The percentage of star-forming galaxies compared to their quiescent/passive counterparts (N SF /N PAS ) in cluster intervals M vir = 9 − 90 · 10 14 M ⊙ , M vir = 6 − 9 · 10 14 M ⊙ , M vir = 3 − 6 · 10 14 M ⊙ and M vir = 1 − 3 · 10 14 M ⊙ is N SF /N PAS = 8.9%, N SF /N PAS = 10.4%, N SF /N PAS = 12.0% and N SF /N PAS = 16.1%, respectively. This implies that the overall environment of more massive clusters is more efficient in quenching, despite it extending out further than lower mass clusters. In contrast, Wetzel et al. (2013) find no dependence of host halo mass on quenching time-scales. This is likely due to the quenching in the Magneticum simulations being more strongly correlated with in-fall than is the case in the 'delayed-then-rapid' quenching scenario found in Wetzel et al. (2013) . Due to the long time delay, compared to the quenching time-scale, in the 'delay-then-rapid' quenching scenario, host halo mass differences do not factor in as strongly when solely considering quenching time-scales. Figure 6 offers more insights with regard to different mass bins and their temporal evolution: Lower cluster mass intervals present a lower quenching effectiveness than higher mass clusters. In the low cluster mass range more starforming galaxies exist at smaller radii. In contrast to the higher cluster mass intervals, the low mass range also exhibits a star-forming, albeit small, population with positive radial velocity, especially at high redshift, indicating that quenching becomes more effective at lower redshift and higher cluster mass.
RAM-PRESSURE STRIPPING AND SATELLITE GALAXY QUENCHING PRIOR TO IN-FALL
Tracking in-falling star-forming satellite galaxies
To better understand the nature of the quenching mechanisms at play, we track individual satellite orbits from the outskirts of clusters to long after they have passed the virial radius. Figure 7 shows the radial distance evolution of two different mass populations of galaxies as they fall into their respective clusters. Figure 8 follows the blueness evolution of the same galaxies.
Both figures scale the individual satellite orbits to the point where they cross the virial radius. Specifically, the point in time is identified where the individual galaxies cross the cluster virial radius and the trajectory of the now satellite galaxies is then scaled so that all galaxies cross the virial radius at a look-back-time of t lbt = 0.
The galaxies are selected according to three criteria: a.) host cluster mass at redshift z = 1.01 has to be in the range of 1·10 14 < M vir /M ⊙ < 3·10 14 ; b.) the satellite galaxies must be located at a radial interval of 1.5 < R/R vir < 4.5 at z = 1.01 before descending into the cluster; c.) satellite galaxies must have at least 100 stellar particles (M vir > 3.5 · 10 9 h −1 M ⊙ ) and be considered star-forming, i.e. SSFR · t H > 0.3.
In order to evaluate the quenching efficiency of different galaxy masses, the tracked satellite galaxies are further subdivided into two populations. The high stellar mass population is characterised by satellite galaxies which consistently, i.e. independent of look-back-time, have a stellar mass above M * > 1.5·10 10 M ⊙ , while, the low mass population in Figures  7 and 8 consistently has a stellar mass of M * < 1.5 · 10 10 M ⊙ . It is important to note that if a galaxy crosses the stellar mass threshold M * = 1.5 · 10 10 M ⊙ , it is no longer considered a member of either group. This is done so as to filter out galaxies that experience significant mass growth and, thus, are likely prone to quenching as a result of internal changes, rather than through the cluster environment, but also filters out satellite galaxies that experience mass loss through tidal stripping.
Figure 7 reveals no differences in the behaviour between the high (upper panel) and low (lower panel) stellar mass satellite galaxy populations. Satellite galaxies are accreted onto the cluster and, depending on their initial in-fall conditions, exhibit different orbital behaviour. The stellar mass, thus, likely has no impact on the radial orbital evolution. This is best exemplified by the wide range of orbital periods in both populations, ranging from shallow tangential orbits, with long orbital time-scales and a relatively constant large radial distance, to very radial orbits with short orbital periods that rapidly decrease in amplitude.
However, if we look at the blueness of satellite galaxies (Figure 8 ) it becomes obvious that low stellar mass satellite galaxies generally have a higher average specific starformation compared to their high mass counterparts prior to in-fall. In addition, low stellar mass satellite galaxies experience a more bursty SFR than high mass satellite galaxies, for which a more continuous SSFR can be seen. After in-fall into the cluster's virial radius all satellite galaxies show a strong decline in SSFR, with most galaxies being quenched completely 1 Gyr after in-fall.
The thick black lines in the middle (dashed line) and bottom (solid line) panel in Figure 8 describe the average behaviour of each population in response to quenching. To stronger emphasise the difference between the high and low stellar mass populations, the thick black lines are normalised to their respective maximum value and shown in the top panel. The high stellar mass satellite galaxies experience a far earlier gradual decline in star-formation, whereas the low stellar mass satellite galaxies are characterised by a constant star-formation until shortly before falling into the cluster (t lbt ∼ 0.3), only to experience rapid quenching with in-fall. It appears that the high and low stellar mass satellite galaxies have different quenching time-scales. However, we must note that high stellar mass satellites begin their quenching process earlier, likely due to pre-processing or self-quenching. Independent of the stellar mass, satellite galaxies are quenched within 1 Gyr after in-fall. The low stellar mass satellite galaxies are quenched on a time-scale of t low ∼ 1 Gyr, while the high stellar mass satellite galaxies are quenched on a time-scale roughly twice as long: t high ∼ 2 Gyr, due to the earlier onset of their quenching. This shows that stellar satellite galaxy mass is relevant with regard to the quenching mechanisms at play, as well as the time-scales on which they occur.
Once commenced, the decrease in specific starformation for both mass bins appears to be linear. Weinmann et al. (2010) find that the diffuse gas in their model must be stripped linearly, rather than exponentially, in order to reproduce observations. This implies that stripping becomes more efficient the longer a galaxy has been Figure 7 . Cluster-centric 3D radial distance scaled to the temporal evolution, i.e. look-back-time t lbt , of high and low mass satellite galaxies extracted from Box2/hr. Each line represents an individual satellite galaxy tracked through time from z = 1.01 to the present day. Only a selection of satellite galaxy trajectories are plotted for facilitated visualisation. The satellite galaxies are scaled to the point where they pass below 1 R vir and this time is set to t lbt = 0. Top panel: Satellite galaxies with stellar mass M * > 1.5 · 10 10 M ⊙ . Bottom panel: Satellite galaxies with stellar mass M * < 1.5 · 10 10 M ⊙ . The thick black line depicts the mean value of the entire satellite galaxy population in the given mass range, including the trajectories not plotted. The dashed vertical lines indicate the points in time corresponding to in-fall and 1 Gyr after in-fall. a satellite . This is in agreement with findings from Zinger et al. (2018) , which state that, due to the gas depletion times, it is quite plausible for galaxies crossing the cluster's virial radius during in-fall to be quenched as a result of halo gas removal. Subsequently, this also explains the abundance of quenched galaxies, especially disks, in the outskirts of clusters (Zinger et al. 2018) . Wetzel et al. (2012) and Wetzel et al. (2013) find that satellites remain active after in-fall on time-scales longer than the quenching time-scale. Once the satellite SFR fading process has begun, it is rapid and likely shorter than ∼ 2.4 Gyr (Wetzel et al. 2012) . In contrast to our findings this 'delayed-then-rapid' quenching scenario finds that satellites evolve unaffected for 2 − 4 Gyr after in-fall before being rapidly quenched (Wetzel et al. 2013) .
The gradual decline in specific star-formation of the high stellar mass satellite galaxies in Figure 8 is characterised by a statistical anomaly. Namely, a bump in specific star-formation is visible around 0.2 Gyr after crossing the virial radius. This is in agreement with numerical studies that have found evidence for an enhancement of star-formation as a result of the additional pressure exerted by the intra-cluster-medium (ICM) on the inter-stellarmedium (ISM) (Bekki & Couch 2003; however Tonnesen & Bryan (2012) find no evidence for a burst in star-formation.
The short time-scale quenching mechanism responsible for both the star-burst and the inner cluster region rapid shutdown in star-formation is ram-pressure stripping. Originally defined by Gunn & Gott (1972) , ram-pressure stripping is the mechanism whereby the cold gas component is removed from the galaxy as a result of an increased pressure gradient, P ram , exerted onto the galaxy by the ICM:
where ρ ICM is the ICM density and ∆v 2 is the three dimensional galaxy velocity with respect to the cluster centre.
Generally, a typical spiral will be able to retain material within its plane if the force per unit area, i.e. the pressure P r et ain , does not exceed (Gunn & Gott 1972) :
where σ star (r) is the star surface density at a given radius and σ gas (r) is the gas surface density on the disk at a given radius. Hence, ram-pressure stripping occurs when P ram > P retain . It also follows that ram-pressure becomes more efficient when a galaxy exposes more of its surface area to P ram . The star-burst seen in the high stellar mass, and to a smaller extent in the low stellar mass, satellite galaxies in Figure 8 is likely driven by the onset of ram-pressure stripping. Low stellar mass galaxies cannot shield themselves as effectively as high stellar mass galaxies from ram-pressure. As a result high stellar mass galaxies can retain more gas at the same ram-pressure. Hence, the onset of ram-pressure stripping more likely leads to compression than to expulsion in high stellar mass galaxies; whereas in low stellar mass galaxies the likelihood of losing the cold gas component quickly is higher.
Tracking survivors
To better understand the quenching mechanisms at work, we introduce a criterion to identify satellite galaxies that survive, i.e. remain unquenched, much longer than the average of the total population. The surviving satellite population is defined as galaxies that are still considered star-forming 1 Gyr after in-fall, as indicated by the dashed vertical lines at t lbt = −1 in Figures 9 and 10 . Figures 9 and 10 study the distinguishing attributes of the surviving satellite galaxies, in comparison to the previously discussed total population in Figures 7 and 8 . This allows the study of quenching inhibitors, resulting in a better understanding of the physical quantities responsible for prolonged survival in a galaxy cluster environment.
We find that high stellar mass satellite galaxies (M * > 1.5 · 10 10 M ⊙ ) preferentially survive if they have a very high stellar mass, compared to the mean stellar mass of the entire high stellar mass population (see Table 1 ). This implies that stellar mass correlates strongly with the ability to remain star-forming, i.e. survival during in-fall. This is reflected by the significant mass difference (factor ∼ 4) between the high stellar mass survivors and the total high stellar mass population. This suggests that a minimum stellar mass threshold needs to be reached to be shielded from ram-pressure stripping.
For low mass satellite galaxies, we find no meaningful correlation between continued star-formation and stellar mass. However, low stellar mass satellite galaxies (M * < 1.5 · 10 10 M ⊙ ) show a correlation between the in-fall orbits and their subsequent survival. As the contrast between solid and dashed black lines in Figure 9 indicates, surviving low stellar mass satellite galaxies are likely to have shallow orbits, i.e. small radial distance fluctuations and larger pericenters, while their high stellar mass counterparts do not show this behaviour strongly within the first Gyr after infall. However, the comparison between the total (solid line) and surviving (dashed line) high stellar mass population in the top panel in Figure 9 shows that dynamical friction is more effective for higher mass objects, as the orbits of the surviving population become significantly shallower after passing through their pericenter. As the high stellar mass survivors are ∼ 4 more massive their orbits are circularised more effectively compared to the total high stellar mass population.
In summary, we conclude that above a certain stellar mass threshold satellite galaxy survival correlates strongly with stellar mass, whereas below this threshold survival is Figure 9 . Surviving sample's cluster-centric 3D radial distance scaled to the temporal evolution, i.e. look-back-time t lbt , of high and low mass satellite galaxies extracted from Box2/hr. Each line represents an individual surviving satellite galaxy tracked through time from z = 1.01 to the present day. All surviving satellite galaxy trajectories, i.e. all satellite galaxies that are still considered starforming 1 Gyr after in-fall are plotted. The satellite galaxies are scaled to the point where they pass below 1 R vir and this time is set to t lbt = 0. Top panel: Surviving satellite galaxies with stellar mass M * > 1.5 ·10 10 M ⊙ . Bottom panel: Surviving satellite galaxies with stellar mass M * < 1.5 · 10 10 M ⊙ . The dashed vertical lines indicate the points in time corresponding to in-fall and 1 Gyr after in-fall. far more dependent on the in-fall orbit. This implies that stellar mass and shallow orbits shield satellite galaxies from ram-pressure stripping with different efficiencies depending on the satellite galaxies in question. Furthermore, it suggests that stellar mass is more efficient in shielding than the orbital configuration. This is exemplified by the fact that fewer low stellar mass satellite galaxies survive relative to the total low stellar mass population than is the case for the high stellar mass comparison. Specifically, 4.7% of the high stellar mass population survive, whereas only 3.0% of the low stellar mass satellite galaxies survive up to 1 Gyr after in-fall.
Considering equations 4 and 5, it is also clear that more massive galaxies (with higher M * ) have larger radii, r, at which the ram-pressure, P ram , is equivalent to P retain (r). This simple theoretical description implies that high stellar mass galaxies are more efficient at shielding the cold gas component from ram-pressure stripping, as P retain (r) is larger for a given radius for more massive galaxies. As such, Magneticum is in line with simple theoretical predictions.
In contrast to the gradual decline found for the total massive satellite galaxy population, no gradual decline is observed in either population in Figure 10 . The survival criterion likely filters out any satellite galaxies that experienced quenching in the outskirts of the cluster, as this would inhibit the survival at in-fall. Figure 10 . Surviving sample's blueness scaled to the temporal evolution, i.e. look-back-time t lbt , of high and low mass satellite galaxies extracted from Box2/hr. Each line represents an individual surviving satellite galaxy tracked through time from z = 1.01 to the present day. All surviving satellite galaxy trajectories, i.e. all satellite galaxies that are still considered star-forming 1 Gyr after in-fall are plotted. The satellite galaxies are scaled to the point where they pass below 1 R vir and this time is set to t lbt = 0. The thick black lines depict the mean value of the surviving satellite galaxy population in the given mass range. Top panel: The two black lines were normalised to their maximum value, as such they are linearly scaled versions of the two thick black lines in the middle and bottom panel. The error bars were obtained through bootstrapping. Middle panel: Surviving satellite galaxies with stellar mass M * > 1.5 · 10 10 M ⊙ . Bottom panel: Surviving satellite galaxies with stellar mass M * < 1.5 · 10 10 M ⊙ . The dashed vertical lines indicate the points in time corresponding to in-fall and 1 Gyr after in-fall.
POST-STAR-BURST GALAXIES
We identify post-star-burst satellite galaxies (PSBs) in the Magneticum simulations based on the stellar particle age and the blueness: of all stellar particles of a satellite galaxy, at least 2% are younger than 0.5 Gyr, and the galaxy's blueness is smaller than SSFR · t H < 0.1. These two parameters describe satellite galaxies that have a very young stellar population, while no longer being considered star-forming, but rather being considered considerably quenched, i.e. poststar-burst galaxies (PSBs). This criterion was chosen to provide a satellite galaxy mass independent relative classification within the Magneticum simulations.
Line-of-sight phase space
To compare to observations, we again calculate the LOS phase space, as described already in Section 4. Similarly to the process described in 3.1, a cylinder oriented along the LOS of height 179Mpc was used to reproduce the observations detailed in Muzzin et al. (2014) . As previously, the projection was considered along three spatial axis and
Numb. of sats.
M * > 1.5 · 10 10 All 6.01 · 10 10 1182 M * > 1.5 · 10 10 Surv. 2.38 · 10 11 55 M * < 1.5 · 10 10 All 8.58 · 10 9 955 M * < 1.5 · 10 10 Surv. 9.14 · 10 9 29 Table 1 . Table listing the relevant information of the samples depicted in Figures 7, 8, 9 and 10. The first column references the sample, i.e. the stellar mass range and which population is under consideration. The second column displays the mean stellar satellite galaxy mass of the sample selected in the first column.
The third column lists the number of satellite galaxies in a given selected sample. Each satellite galaxy has a stellar mass of at least M * > 3.5 · 10 9 h −1 M ⊙ .
yielded 1391 PSBs associated with 98 clusters. The height was calculated by evaluating the scatter around the mean redshift σ z attained through the consideration of both spectroscopic and photometric redshifts, resulting in σ z = 0.036 (van der Burg et al. 2013) . For this computation Box2/hr was used. Figure 11 shows a LOS phase space comparison between PSBs identified in Box2/hr Magneticum clusters in the mass range 1 · 10 14 < M 200,crit /M ⊙ < 20 · 10 14 at z = 1.18 and galaxies observed at z ∼ 1 in the same mass range by Muzzin et al. (2014) . To ensure better interloper filtration as a result of the projected cylinder consideration, PSBs outside the enveloping black dashed line, i.e. with |v los /v 200,crit | > 1.6 · |(R/R 200,crit ) −1/2 | are not considered in Figure 11 . Furthermore, the satellite galaxy population's radial velocity (rather than the LOS velocity) was checked to ensure that the overwhelming majority of satellite galaxies are indeed in-falling, i.e. characterised by a negative radial velocity.
Both the PSBs identified 2 by Muzzin et al. (2014) and by Magneticum exhibit a strong preference for the inner region of the clusters. The over-density of PSBs found observationally encompassing the innermost cluster regions is well described by the Magneticum results. Additionally, we find a small PSB population in the outskirts as well. In total 1391 PSB satellite galaxies were identified, 1004 of which, i.e. 72%, are located below the virial radius. 50%, i.e. 695 satellite galaxies lie below R < 0.5 R 200,crit .
The inner, semi-ring like structure found between R ∼ 0.2 R 200,crit and R ∼ 0.5 R 200,crit implies the same underlying formation mechanism of PSBs. In addition, it suggests that the time-scales on which PSBs experience their star-burst and subsequent quenching is similar, as PSBs were selected to have had at least 2% of their stellar particles formed in the past 0.5 Gyr. Considering the implemented physics in the Magneticum simulation this strongly implies that the mechanism leading to the recent star-bursts in PSBs is driven by gas compression. Specifically, it suggests that the onset of ram-pressure stripping is responsible for the star-burst.
When examining PSBs in the cluster range of 1 · 10 14 < M 200,crit /M ⊙ < 20 · 10 14 as Muzzin et al. (2014) at z = 1.18, Figure 11 . Post-star-burst (PSB) line-of-sight phase space comparison between Muzzin et al. (2014) and Magneticum Box2/hr at z = 1.18 in dependence of the projected radial profile. Satellite galaxies hosted by clusters in the mass range 1 · 10 14 < M 200,crit /M ⊙ < 20 · 10 14 were considered, consistent with Muzzin et al. (2014) . We identify PSB satellite galaxies in the Magneticum simulations based on the stellar particle age and the blueness: of all stellar particles of a satellite galaxy, at least 2% are younger than 0.5 Gyr, and the galaxy's blueness is smaller than SSFR · t H < 0.1. The histograms depict the relative abundance of each population projected onto the respective axes. The enveloping dashed black lines corresponds to |v los /v 200,crit | ∼ 1.6 |(R/R 200,crit ) −1/2 |.
we found an average of 4.73 PSBs per cluster per spatial axis considered. However, as the number of satellite galaxies scales linearly with cluster mass, the more meaningful quantity to look at is PSBs per unit cluster mass along a given LOS, i.e. α = N PSBs /(3 · M 200,crit /M ⊙ ). The median cluster mass in the examined mass range is M 200,crit = 1.36 · 10 14 M ⊙ , yielding α = 3.41 · 10 −12 .
To investigate α in different cluster mass bins we examined two more cluster mass ranges at z = 1.18, 9.0 · 10 13 < M 200,crit /M ⊙ < 9.5 · 10 13 with 22 clusters, yielding α = 6.22 · 10 −12 and 2 · 10 14 < M 200,crit /M ⊙ < 20 · 10 14 with 14 clusters, yielding α = 0.394 · 10 −12 . In summary we find that the low cluster mass range has a ∼ 16 higher α value than the high mass cluster range. This suggests that high mass clusters have such a high quenching efficiency that infalling satellite galaxies have a significantly lower probability of experiencing a star-burst than is the case in a lower mass cluster.
Stellar mass functions of satellite galaxies
Similarly as in Sections 3.1 and 6.1, we construct a cylinder of height H cyl = 250 Mpc and radius R sph = 1 Mpc around each cluster. As previously, each cluster is then considered along three independent spatial axes, provided it fulfils the N and M * /M ⊙ selection criteria. This process allows for maximal comparability with Socolovsky et al. (2018) . The Box2/hr consideration found 7884 Magneticum clusters fulfilling the above criteria, which yielded a total of 321910 galaxies. Of these 108128 fulfil the star-forming criterion, while 213782 do not and, hence, are quiescent galaxies. Lastly, 9606 PSBs were identified. The previous cluster and galaxy counts are the total values across all three spatial axes, i.e. are a factor ∼ 3 larger than the uniquely identified objects within the Magneticum simulation.
To further emphasise and investigate the distinct nature of the PSB population, we considered the stellar mass functions of star-forming, quiescent, and PSB satellite galaxies at z = 0.73. As already shown in Steinborn et al. (2015) , stellar mass functions from Magneticum are generally in good agreement with observations. Figure 12 shows a comparison of stellar mass functions of satellite galaxies between Magneticum and observations from Socolovsky et al. (2018) . The observations are fitted by Schechter functions (star-forming and quiescent satellite galaxies) and double Schechter functions (PSBs), respectively (Baldry et al. 2008; Pozzetti et al. 2010) . As the stellar mass functions discussed in Socolovsky et al. (2018) are arbitrarily normalised, the Magneticum results were also normalised so as to fit the observational data. Specifically, the Magneticum results were multiplied by a factor of 1/130 to vertically adjust them to the observations.
In general, we find good agreement for all components between observations and Magneticum over a broad mass range. However, the star-forming profile lacks good agreement for masses between 10.5 < log(M * /M ⊙ ) < 11.2. This distinguishable oddity is likely the result of AGN feedback, which roughly sets in at these mass scales. The quiescent satellite galaxy comparison to observations shows no such lack of agreement, suggesting an adequate implementation of the underlying physics with regard to quiescent satellite galaxies in Magneticum. The observed PSB behaviour is well matched by the Magneticum results, especially since the "bump" is reproduced. The majority of data points lie within the observational error bars, which in the PSB case are large due to low number statistics.
Considering Figure 11 and 12, we find that our PSB criterion provides a good description of observationally identified PSBs. The physical implication of the good agreement between our classified PSBs from the Magneticum simulation and observations is that the underlying formation mechanism is identified. Our PSB criterion demands recent strong star-formation. The subsequent satellite galaxies we identify behave in a very distinct way and are located in a distinct region in phase space. The recent star-burst is strongly correlated with the accretion onto the cluster and with the region of the cluster previously identified to have a strong degree of quenching. Furthermore, a quenching mechanism is required that does not only quench but rather also leads to a star-burst, prior to said quenching. This, in turn, strongly suggests that the recent star-burst found in PSBs is triggered by the onset of ram-pressure stripping. In Figure 8 we find evidence for a star-burst 0.2 Gyr after in-fall in the average of the massive stellar satellite population, suggesting that a subset of the massive galaxies are future PSB candidates. After the successful star-burst, driven by the compression of the cold gas component within a galaxy, the gas is expelled Figure 12 . Stellar mass functions comparing Magneticum Box2/hr satellite galaxies to Socolovsky et al. (2018) at z ∼ 0.7. The black solid line indicates the fit to the stellar mass functions by Socolovsky et al. (2018) , while the coloured triangles represent the Magneticum results. The black squares in each panel display the total stellar mass function of all satellite galaxies for comparison. The black solid fit line extends to the left down to the 90% mass completion limit, while Magneticum satellite galaxies are resolved down to a size of 100 stellar particle. Top panel: Stellar mass function of the star-forming population. Middle panel: Stellar mass function of the passive population. Bottom panel: Stellar mass function of the post-star-burst population. The Magneticum results are normalised by a factor of 1/130 to fit the arbitrarily normalised observations, so as to provide a shape comparison to the observations. from said galaxy. Subsequently, the galaxy is quenched effectively, leading to PSBs being a subset of passive galaxies, despite the recent strong star-formation.
SUMMARY & DISCUSSION
Magneticum Pathfinder simulations are in fine agreement with a variety of observations, including AGN population properties (Hirschmann et al. 2014; Steinborn et al. 2015) and dynamical properties of galaxies Teklu et al. 2015; Remus et al. 2017b ). Especially relevant for the scope of this paper are the agreements with Planck Collaboration et al. (2013); McDonald et al. (2014) on the pressure profiles of the intra-cluster medium. Furthermore, both the general shape of the anisotropy profile and its specific values are consistent with the cosmological simulations by Mamon et al. (2013) .
The analysis of the anisotropy profiles at z = 0.44 in Figure 1 and their development in Figure 3 clearly shows that throughout varying redshifts and cluster masses the star-forming population is consistently on more radial orbits than the quiescent population. These findings are in good agreement with Biviano et al. (2013) , but stand in op-position to other observations, which find that the quiescent population is more radially dominated than the star-forming population (Aguerri et al. 2017 ). While we find some clusters that behave similarly to the cluster (A85) studied by Aguerri et al. (2017) , they are a rare exception.
The interpretation of the anisotropy behaviour found in Magneticum and Biviano et al. (2013) is consolidated by phase space considerations in Section 4. We find that the star-forming population is overwhelmingly comprised of infalling satellite galaxies. The orbits of the star-forming satellite galaxies are radially dominated because, in contrast to their quiescent counterparts, that are less radially dominated, they are experiencing their first passage into the cluster. We find that the vast majority of star-forming satellite galaxies are quenched during their first passage (see Figures 7 and 8) . This is in agreement with observations, which also find that galaxies experience strong quenching during their first passage through the cluster (Mahajan et al. 2011; Jaffé et al. 2015 Jaffé et al. , 2016 .
The global decrease in anisotropy towards lower radii is likely due to mechanisms driven by cluster mass accretion. Given a satellite with fixed angular momentum, an increase in cluster mass will lead to the circularisation of the satellite's orbit (Iannuzzi & Dolag 2012 ). More closely bound satellite galaxies have a higher statistical likelihood to have been a member of the cluster for a longer timespan. Hence, they are likely to have experienced more cluster mass growth and subsequent circularisation. However, due to smaller sample sizes leading to higher bootstrapping errors, the error scatter towards lower radii increases and, thus, the ability to make meaningful physical deductions is impeded in the innermost regions. Annunziatella et al. (2016) finds that passive low-mass (M * < 10 10 M ⊙ ) galaxies at radii R < 0.3 R 200 are more likely to be on tangential orbits than their high mass (M * > 10 10 M ⊙ ) counterparts. They propose that this may be the result of selective destruction of low mass galaxies on radial orbits through tidal stripping near the cluster centre (Annunziatella et al. 2016) . The combination of low mass and small pericenters makes survival near the hostile cluster centre unlikely. As a result, low mass galaxies in the inner regions are only observed on tangential orbits since otherwise they face destruction. When considering passive satellite galaxies at z ∼ 0.2 in the same cluster mass range as Annunziatella et al. (2016) 
· 10 14 M ⊙ ), we do not replicate the behaviour (Paulin-Henriksson et al. 2007 ). However, we find a similar behaviour for our star-forming population. Less massive star-forming galaxies are likely to be on more tangential orbits at R/R vir ∼ 0.5 than their more massive counterparts.
The orbital selection effect observed by Annunziatella et al. (2016) for passive galaxies and to a lesser extent by our simulation for star-forming galaxies additionally supports the idea that specific orbits selectively influence the morphological transformation of galaxies. It further explains why red discs are identified by Kuchner et al. (2017) to inhabit phase space at projected radii between R 500 and R 200 , a region either associated with recent in-fall or tangential orbits. This would suggest that after blue discs are quenched via ram-pressure stripping during in-fall, thereby becoming red discs, their orbits fundamentally influence their morphological evolution.
Provided they are on sufficiently tangential orbits their morphology remains fairly undisturbed. However, if the red disc galaxies are moving on radially dominated orbits they are likely to be disturbed while moving through their pericenters, thus experiencing an accelerated evolution pathway towards elliptical galaxies.
Similarly to McCarthy et al. (2008); Bekki (2009); Jaffé et al. (2018) , we find that ram-pressure stripping efficiencies depend on the orbital parameters and both the satellite and host halo mass. Specifically, high halo masses, low satellite masses and radially dominated orbits ensure more efficient ram-pressure stripping.
In contrast to Wetzel et al. (2012) and Wetzel et al. (2013) , we find no evidence for 'delayed-then-rapid' quenching. Both Figures 2 and 12 suggest that if active, our AGN feedback might be more efficient in quenching compared to observations (Wetzel et al. 2012; Socolovsky et al. 2018) . The combination of stronger AGN feedback and higher quenching efficiencies in Magneticum results in shorter quenching time-scales of satellite galaxies.
The higher quenching efficiency in Magneticum can be the result of three effects associated with the simulation. Firstly, we consider the SSFR rather than the colour of galaxies, resulting in a more immediate representation of star-formation or lack thereof. This results in quenching being measured effectively instantaneously rather than delayed via colour changes. Secondly, the resolution of our simulations do not reproduce morphologies, especially we do not resolve cold thin discs. Consequently, the persistence of cold thin discs against ram-pressure is not properly captured and hence our galaxies are more vulnerable to environmental quenching. Thirdly, stellar mass losses are not modelled to create new gas reservoirs, but rather are distributed to surrounding gas particles. In practice this means that stellar mass loss often is added to already stripped hot gas, further impeding new star-formation.
Similarly to Teklu et al. (2017) , we find no meaningful signal dependence on whether we sample a spherical or cylindrical volume. We have evaluated the phase space diagrams and the stellar mass function for both spherical and cylindrical volumes, where the radii of the sphere and cylinder were kept the same (R sph = R cyl ), while the cylinder height H cyl was varied, as described in the respective sections. The resulting change in signal did not provide any evidence for different conclusions.
CONCLUSIONS
In this paper we studied the velocity-anisotropy, the phase space and tracked the orbital behaviour of satellite galaxies in the cluster environment using the hydrodynamical cosmological Magneticum Pathfinder simulations. The evaluation of satellite galaxies in clusters of different mass above the mass threshold of 10 14 M ⊙ at varying redshifts between z ∼ 2 and present-day has provided a wide statistical sample. Furthermore, satellite galaxy behaviour was compared to observations at z = 0.44, z = 0.73 and z = 1.18 Socolovsky et al. 2018; Muzzin et al. 2014) . The results can be summarised as follows: -Star-forming satellite galaxies are consistently characterised by more radial orbits than their quiescent coun-terparts. The velocity-anisotropy profiles show that this behaviour is independent of cluster masses in the studied range (1 − 90) · 10 14 M ⊙ and in the redshift range 2 > z > 0. Independent of the population under consideration, the velocityanisotropy profiles are more radially dominated in the outskirts, while tending towards isotropy at smaller radii.
-The velocity-anisotropy profile calculated based on the Magneticum simulations is in good agreement with the observations from Biviano et al. (2013) at z = 0.44. Both the dichotomy between star-forming and quiescent satellite galaxies is reproduced, as is the general decrease towards isotropy at lower radii. The overwhelming majority of simulated data points lie within the 1σ confidence regions of the observations.
-The line-of-sight phase space comparison shows good agreement between observations and the Magneticum simulations. However, we find a stronger dichotomy between star-forming and quiescent satellite galaxies than the observations conducted by Biviano et al. (2013) at z = 0.44. Nonetheless, the overall behaviour is similar: star-forming satellite galaxies are found predominantly outside R 200,crit , while quiescent satellite galaxies overwhelmingly lie within R 200,crit .
-The radial phase space study in the cluster mass range (1 − 90) · 10 14 M ⊙ and in the redshift range 2 > z > 0 provided an overview of different quenching efficiencies. We find that high cluster mass and, to a lower extent, low redshift increase quenching of the star-forming satellite galaxies. In addition, we find that the vast majority of star-forming satellite galaxies are quenched during their first passage, independent of cluster mass and redshift.
-The tracking of individual orbits and their specific star-formation over time demonstrates that satellite galaxies experience strong quenching in the vicinity of the virial radius. The overwhelming majority of satellite galaxies are quenched within 1 Gyr after in-fall, i.e. during their first passage. Further, we find that high stellar mass satellite galaxies (M * > 1.5·10 10 M ⊙ ) experience an earlier onset of quenching, leading to a longer quenching time-scale t high ∼ 2 Gyr than their low stellar mass counterparts (M * < 1.5 · 10 10 M ⊙ ), which experience quenching on time-scales t low ∼ 1 Gyr.
-When solely considering satellite galaxies that 'survive', i.e. satellite galaxies that remain star-forming longer than 1 Gyr after in-fall, we find a difference between high and low stellar mass satellite galaxies. Low stellar mass satellite galaxies are characterised by atypically shallow orbits. Provided a satellite galaxy is able to maintain a relatively large radial distance 0.5 R vir by having a strongly tangentially supported orbit, it will be quenched on a longer time-scale, i.e. it will be more likely to be strangled than stripped.
-In contrast, high stellar mass satellite galaxies have an increased probability of survival provided they have a very high stellar mass, i.e. they belong to the highest mass subset of the high mass satellite galaxies. Specifically, the 55 high mass survivors have a mean stellar mass of M * = 2.38 · 10 11 M ⊙ , while the total high mass population of 1182 satellite galaxies has a mean stellar mass of M * = 6.01 · 10 10 M ⊙ , a factor of ∼ 4 difference.
-We are able to reproduce the behaviour of PSBs, both with regard to their location in phase space and concerning the nature of their stellar mass function. Hence, PSBs can be classified as having undergone a significant (2% of stellar mass) star-burst in their recent past (0.5 Gyr). The implication being that PSB formation is closely correlated with recent cluster accretion and driven by the same underlying mechanism. Namely, the star-formation increase driven by the rapid gas compression resulting from the onset of rampressure stripping, subsequently followed by rapid quenching.
In summary, the results suggest three fundamental conclusions: Firstly, the dominant quenching mechanism in galaxy clusters is ram-pressure stripping. Secondly, rampressure stripping is sufficiently effective to quench the overwhelming majority of star-forming satellite galaxies within ∼ 1 Gyr during their first passage. Thirdly, ram-pressure stripping preferentially quenches radial star-forming satellite galaxies.
